Objective: To examine the short-and long-term results of right extrapleural pneumonectomy (EPP) for malignant pleural mesothelioma (MM) via median sternotomy or thoracotomy. Methods: We analysed the results of EPP in consecutive patients with early stage MM undergoing a radical surgery protocol for MM over a 7-year period. Initially thoracotomy, but later median sternotomy, was the incision of choice for right-sided tumours. The effects of the change of approach on perioperative course and survival were analysed. Results: EPP was performed in 105 patients (50 left thoracotomy, 22 right thoracotomy, 28 sternotomy, 5 combined sternotomy and right thoracotomy). Operation time was faster with median sternotomy than right thoracotomy ( p = 0.008). Right thoracotomy was associated with higher epidural infusion volume in the first 3 days than median sternotomy ( p < 0.001). There were fewer postoperative complications in the sternotomy group ( p = 0.05). There were no differences in pathological stage, completeness of resection or duration of postoperative stay. Median survival following left thoracotomy, right thoracotomy and median sternotomy was 18.3, 8.5 and 17.7 months, respectively ( p = 0.02). Planned neoadjuvant or adjuvant chemotherapy was more common following median sternotomy than right thoracotomy ( p = 0.01). However, compared with the left thoracotomy and sternotomy groups, right EPP performed via thoracotomy was an independent predictor of poor prognosis (hazard ratio 2.3 (95% confidence intervals, CI 1.3-4.1), p = 0.02). No wound complications or tumour recurrence have been observed following median sternotomy. Conclusions: Median sternotomy should be considered as an alternative approach to thoracotomy for right EPP. #
Introduction
The standard surgical approach for right extrapleural pneumonectomy in the setting of malignant pleural mesothelioma is via a right posterolateral thoracotomy, at one or two intercostal levels [1, 2] . Anatomical pulmonary resections, particularly right upper lobectomy, have been described through median sternotomy [3] , but the feasibility of performing extended surgery such as extrapleural pneumonectomy with this approach has not been explored. Right pneumonectomy for non-small cell lung cancer is related to a higher operative mortality and morbidity, particularly following neoadjuvant chemotherapy. We hypothesized that the potential benefits of performing right EPP via a median sternotomy would include less postoperative pain and morbidity. The objective of this study was to examine the short-and long-term results of each surgical approach in our first 105 patients, in a retrospective case-control study of prospectively entered data.
Patients and methods

Preoperative assessment
All patients had a diagnosis of malignant mesothelioma made by percutaneous core, thoracoscopic or open pleural biopsy. Definitive evidence of sarcomatoid mesothelioma was a contraindication to further assessment for radical surgery but previous pleurodesis was not. All patients underwent contrast enhanced thoracic computed tomography (CT) to exclude unresectablity due to local tumour invasion, mediastinal lymphadenopathy or contralateral pleural involvement. Contrast enhanced magnetic resonance imaging [4] was used in patients where invasion into the mediastinum or across the diaphragm required further evaluation. Positronemission tomography (PET) has not been used routinely. Resectability was defined by the absence of mediastinal organ or diffuse chest wall involvement, or invasion below the diaphragm. Contrast enhancement of previous intercostal tube or thoracoscopy sites was not, in itself, a contraindication to radical surgery, as these were widely excised. We now advocate that patients undergo videoassisted cervical mediastinoscopy, irrespective of the size of mediastinal nodes on the CTscan [5] . Those with pathological involvement of mediastinal N2 nodes were excluded from surgery. Patients were deemed medically operable according to standard guidelines for pneumonectomy [6] . Preoperative echocardiography was employed in all patients and patients excluded if the pulmonary artery systolic pressure was greater than 35 mmHg.
Operative technique
Right and left EPP via thoracotomy were performed according to the usual techniques [1, 2] . For patients undergoing median sternotomy, the incision is performed in a standard fashion. The right extrapleural plane is developed from the sternal border, separating the parietal pleura from the endothoracic fascia. Blunt dissection is continued, dividing apical attachments with electrocautery. The internal thoracic vessels may be divided at their cranial origin and excised en-bloc with the main specimen together with internal thoracic lymph nodes. Insertion of an oesophageal Pillings Maloney bougie aids in the dissection of the oesophagus. The extrapleural dissection continues inferiorly until the diaphragm is reached. The pericardium is opened followed by stapled division of right pulmonary artery and right pulmonary veins intrapericardially. The lymph nodes in the subcarinal fossa are dissected and excised and the right main bronchus divided at its origin after stapling. The incision in the pericardium is extended to excise all pericardium in contact with right parietal pleura. Finally, the diaphragm is excised en-bloc, preserving a peripheral rim of muscle for future attachment of the diaphragmatic patch. The specimen is removed en-bloc from the hemithorax through the sternotomy. Systematic lymph node dissection is performed, targeting the paratracheal, paraoesophageal and peridiaphragmatic stations; the subcarinal fossa, intercostal and internal mammary artery nodes having been dissected earlier in the procedure.
In the setting of a right EPP via median sternotomy, the pericardium is reconstructed early in the operation, occasionally before excision of the diaphragm, to minimize cardiac manipulation and haemodynamic compromise. The pericardium is replaced with a loose non-absorbable mesh patch anchored to the pericardial edges with interrupted non-absorbable monofilament sutures. Excess tension in the patch is avoided, which could compromise venous drainage into the right atrium.
We replace the diaphragm with a Gore-Tex Dual Mesh patch (W.L. Gore & Associates Inc.). This is sutured to the preserved edge of the diaphragm with continuous nonabsorbable monofilament suture. A sponge retractor placed through the future intercostal drain site in the anterior axillary line facilitates retraction of the liver and placement of the sutures posteriorly (Fig. 1) . Interrupted sutures are placed posteriorly and laterally, completing with semicontinuous sutures. An intercostal muscle flap is raised via the sternotomy and secured to the bronchial stump with interrupted absorbable sutures.
At the end of the procedure (Fig. 2) , the oesophageal bougie is replaced by a nasogastric tube that will remain on free drainage during the first 48 h. The patient is then extubated routinely in the operating theatre and transferred to the Thoracic High Dependency Unit (Fig. 3 ).
Postoperative care
Patients recover in the Thoracic High Dependency Unit, where continuous monitoring of cardiac rhythm, arterial blood pressure, central venous pressure, oxygen saturation and urine output are performed. The intercostal drain is unclamped hourly to monitor blood loss and removed between 48 and 72 h postoperatively. The nasogastric tube is usually removed at 48 h, once bowel sounds have returned. Unless suffering from complications, patients are allowed to drink free fluids and mobilise within 48 h. 
Statistical methods
Clinicopathological [7] , surgical, oncological and followup data were entered prospectively into a database. Statistical analysis was performed using the SPSS software system (SPSS for Windows Version 11.0, SPSS Inc., Chicago, USA). Differences between groups were analysed with the Chi squared, Fisher's exact test and Student's t-test, where appropriate. Survival curves were estimated using the Kaplan-Meier method and the log-rank test was used to assess the statistical significance of differences between groups. A Cox proportional hazards regression model was used to identify statistically significant differences in survival and estimate hazard ratios and 95% confidence intervals (CI) [8] . The assumption of proportional hazards was assessed graphically by plotting log[Àlog(survivor)] against log(time) for each of the prognostic groups. Prognostic variables identified by univariate analysis were analysed in a multivariate Cox model. A forward, stepwise selection procedure was used, with variables being added to the model according to a partial likelihood ratio test, using an entry criterion of p < 0.05. Survival analyses were performed on an intention to treat basis, with the five patients who required a thoracotomy in addition to the sternotomy included in the sternotomy alone group.
Results
Patients
One hundred and five consecutive patients from August 1999 were included in the study. Preoperative mediastinal staging by video-assisted mediastinoscopy was performed in 43 patients, including 2 patients who also underwent a positron emission tomographic scan. Positron emission tomography alone was used as mediastinal staging in a further three patients. Left EPP was performed in 50 patients, of whom 22 required a two level thoracotomy. Right EPP was performed in 55 patients, by sternotomy alone in 28, combined sternotomy and thoracotomy in 5, two-level thoracotomy in 21 and by single level thoracotomy in 1 patient.
Neoadjuvant cisplatin-based chemotherapy was administered in more patients undergoing left thoracotomy ( p = 0.06) and sternotomy ( p = 0.007) than right thoracotomy. There were no significant differences in the proportions of patients receiving adjuvant chemotherapy (within 3 months of surgery) between the three groups.
With the exception of EORTC prognostic score [9] , there were no differences between groups in terms of the following clinicopathological prognostic factors: performance status, CALGB prognostic group [10] , chest pain, weight loss, haematological indices, gender or histological cell type (data not shown). There were more patients with a high-risk EORTC score in the sternotomy group ( p = 0.03).
Operative results
Of the 33 in sternotomy group, 28 were accomplished by sternotomy alone. Four of the cases requiring a thoracotomy in addition to sternotomy occurred in the first 14 of this cohort, suggesting a possible reduction in likelihood of the double incision with experience ( p = 0.06). The operation time was quicker in group sternotomy and left thoracotomy than in right thoracotomy ( p = 0.008 and p = 0.025). There was no difference in the rate of microscopic complete resection between the groups ( p = 0.8). Complete local excision (R0) was reported in 60%. The majority of patients were UICC Stage III: there was no difference in any of the stage criteria between the three groups. Thirty day or inhospital death occurred in one (2%), three (13.6%) and three (9.1%) in the left thoracotomy, right thoracotomy and sternotomy groups respectively.
Postoperative course
Epidural usage was compared between the two right EPP groups. The total epidural volume for the first 72 h after surgery was significantly lower in the sternotomy group ( p = 0.001). There was no difference in the maximum pain score or the duration of epidural usage. We have published previously the post-operative complications in a smaller series of these patients [11] . In this study, a greater proportion of patients in the right thoracotomy group suffered complications than in the sternotomy group (17 patients in each, p = 0.05). There was no difference in cardiovascular, respiratory or infectious complications between the groups. Compared with EPP performed by sternotomy, four patients suffered wound complications in the right thoracotomy group. No patients in the sternotomy group developed wound complications ( p = 0.02). Furthermore, we have not noted recurrence of tumour seedlings in the sternotomy wound, although one patient in this group developed recurrence at the site of a previous drain site in the anterior axillary line. Postoperative hospital and ICU stay were similar in the three groups (Tables 1-3 ). 
Survival
Overall median survival for the whole cohort was 14.5 months. One-and 2-year survival rates were 59 and 31% respectively. For patients with epithelioid histology and N0 stage, these figures were 26.4 months, 78and 55%, respectively. Patients undergoing sternotomy lived for longer than those who had right EPP performed via a thoracotomy alone ( p = 0.02, Table 5 , Fig. 2 ). The other prognostic variables identified in univariate analysis by the log rank test were the histological cell type, performance status, the haemoglobin concentration at diagnosis, the presence of N2 lymph node metastases, and the receipt of neoadjuvant or adjuvant chemotherapy (Table 4) .
In Cox proportionate hazards multivariate analysis, the variables identified as independent predictors of poor prognosis were haemoglobin concentration less than 14.0 g/ dl at diagnosis, right EPP via thoracotomy, the presence of N2 lymph node metastases and not receiving neoadjuvant or adjuvant chemotherapy (Table 5 ). Excluding the left EPP patients from the Cox proportionate hazards multivariate I  3  2  2  7  II  3  1  5  9  III  27  13  18  58  IV  17  6  8  31   Resection status  R0  29  15  19  65  R1  20  6  13  39  R2  1  1  1  3 There were no significant differences between the groups. 
Discussion
The use of medial sternotomy for bilateral wedge metastatectomy is well established [3, 12] . In comparison with thoracotomy, in this setting the benefits reported are decreased postoperative pain, lesser analgesic requirements, lower incidence of respiratory complications, quicker recovery of postoperative pulmonary function and shorter hospital stay [3, 13, 14] . Lung volume reduction surgery is also performed effectively via a sternotomy. The indications for sternotomy were extended to anatomical lung resection, with certain authors proposing its adoption as a standard approach [13, 15, 16] . Anatomical resections of right lung and the left upper lobe are reported, but there is potentially more difficulty in performing resections which include the left lower lobe due to the location of the left inferior pulmonary vein and the heart. We have only encountered a single previous report describing the use of sternotomy with an additional supraclavicular incision for a case of mesothelioma with involvement of supraclavicular lymph nodes [17] .
Following on from our initial report [18] , we describe here our evolving experience performing routinely right EPP via a median sternotomy. In the current series of 33 patients undergoing EPP by sternotomy, we noted shorter operating times and less analgesic requirement postoperatively. We have previously reported that long operation time is an important risk factor for postoperative complications [11] . We employ routinely thoracic epidural analgesia for EPP and therefore, although the amount of epidural usage was lower in the sternotomy group, we may not have seen a substantial difference in postoperative morbidity due to the good control of pain gained with either surgical approach. However, the overall incidence of complications was lower in the sternotomy group. There are potential longer-term pain control benefits which deserve investigation, such as the potential avoidance of intercostals neuralgia. The incidence of chronic postoperative pain amongst patients following EPP is not clearly documented. It is interesting to hypothesise that sternotomy would avoid post-thoracotomy pain, but the possible contribution of parietal pleural stripping to intercostals neuralgia might remain and there is an incidence of chronic post-sternotomy pain [19] .
Wound complications are relatively rare following median sternotomy and we did not experience any wound complications in this series. Neither have we yet seen tumour implantation in the sternotomy wound, although this phenomenon is well described after other incisions and needle tracks for mesothelioma. We hypothesise that this is due to the median sternotomy skin incision is distant to the pleural reflection. We are not aware of any patients suffering from sternal bone 'metastases. ' We did not observe a difference in hospital stay between the right sternotomy and thoracotomy groups. This may be due to the policy that we have adopted, midway through the series, to transfer patients back to the referring hospital, rather than to allow discharge directly home. Patients may therefore be staying longer in our unit later.
There appears to have been a learning curve in patient selection for this technique. The first patient undergoing sternotomy had tumour related to the superior vena cava and we felt that it would be easier to gain access by sternotomy. We found that we were able to complete the EPP via sternotomy alone. An additional thoracotomy has been required five times and this is becoming less frequent with greater experience. The technical developments contributing to this include the use of the intercostal drain hole to place a liver retractor during dissection around the inferior vena cava and secondly rib resection (where required) via the sternotomy, rather than a separate thoracotomy. The retractor placed through the lateral drain hole also assists in placing the interrupted sutures for the diaphragmatic patch.
The survival data suggest that patients undergoing right EPP via a thoracotomy do not experience the same longevity as those who had a sternotomy. This effect may be related to the quicker and less morbid postoperative recovery experienced following sternotomy leading to a shorter period of relative immunosuppression. However, this cohort of our first 105 patients represents the evolution of a number of aspects of our practice which may also affect survival. These include the introduction of adjuvant and neoadjuvant chemotherapy, neither of which have yet to be adopted routinely by all our 28 referring oncological centres, but which is now a consistent predictor of good prognosis in multivariate analysis. Our preoperative assessment initially included routine contrastenhanced magnetic resonance imaging, the use of which has waned with the introduction of multislice spiral CT. All patients now have preoperative pathological staging of the mediastinum by video-assisted cervical mediastinoscopy, regardless of whether the targeted nodes are less than 1 cm in short axis diameter. These changes in methodology account for limitations in the conclusions we may draw from survival data in univariate and multivariate analyses. Furthermore, the two right EPP groups are sequential cohorts of patients. A prospective randomised controlled trial would be required to examine the potential survival benefits of performing right EPP via a median sternotomy.
In conclusion, right EPP via median sternotomy is a feasible alternative to the standard one or two-level posterolateral thoracotomy. It is quicker, requires less post-operative epidural anaesthesia and is associated with fewer postoperative complications. The oncological result is unchanged in terms of the completeness of resection and adequacy of nodal staging and there may be a survival benefit over thoracotomy.
